Introduction
Hypoxic-ischaemic encephalopathy (HIE) in a full-term infant is a clinically defined syndrome of the disturbed neurologic function in the earliest days after birth in infancy, manifested by difficulty with initiating and maintaining respiration, the depression of the muscle tone and reflexes, the subnormal level of consciousness and often seizures (Nelson & Leviton, 1991) . HIE is the term used to describe the resultant condition due to a deficit in the oxygen supply to the brain. The neonatal brain can have a lack of oxygen through two major pathogenetic mechanisms, hypoxemia, which is a diminished amount of oxygen in the blood supply, and ischemia, which is a diminished amount of blood perfusing the brain. During the perinatal period hypoxemia or ischemia or both occur as a result of asphyxia, an impairement in the exchange of respiratory gases, oxygen and carbon dioxide. The duration and severity of HIE depend of the severity of asphyxia. Neonatal asphyxial encephalopathy occurs in 1-2 per 1000 births in the high income countries (Marlow & Budge, 2005; Pierrat et al., 2005; Barkovich, 2005) , in low-income countries, the incidence is much higher (Ellis et al., 2000; Black et al., 2010) .
Despite major advances in obstetric and neonatal care, and the introduction of therapeutic hypothermia, HIE is still a devastating occurrence that results in death or disability in 47% of infants with moderate or severe HIE (Edwards et al., 2010) . As survivours of severe HIE have profound long-term neurologic disability like cerebral palsy, mental retardation and epilepsy (Finer et al., 1992; Perlman, 2006) and a large majority of infants with moderate HIE have cognitive problems (Lindström et al., 2008) , sequelae of hypoxic-ischaemic brain injury require significant resources (Lindström et al., 2008) .
The principal mechanism of pathogenesis underlying most of the neuropathology attributed to intrapartum hypoxia-ischemia is impaired cerebral blood flow, which occurs most likely because of interruption in placental blood flow and gas exchange (Perlman, 2006) . However, the development of brain injury after hypoxia-ischemia is an evolving process which is initiated during the hypoxic-ischemic insult but extend into the reperfusion period during recovery (Fellman & Raivio, 1997; Perlman, 2006) . The brain damage, following hypoxic-ischemic insults, develops after a delay, being preceeded by the symptom-free interval or even the temporary improvement of the clinical picture immediately after insult . The time before the full development of brain damage represents a window of opportunity for therapeutic interventions (Robertson & Edwards, 1998) . It is therefore essential to assess the severity of asphyxia in the newborn infant as soon as possible after birth or during the first hours after asphyxia to provide adequate care and treatment before the final damage develops. As the duration and severity of asphyxia may be difficult to estimate and the compensatory capacity of the foetus and newborn is unknown, it may be difficult to predict the severity of organ damage immediately after birth based on the clinical findings only.
The treatment of HIE consists largely of supportive care, which does little to reduce the ongoing injury that develops in the hours immediately following the hypoxic-ischemic insult. Providing standard intensive care support, correcting metabolic acidosis, close monitoring of the fluid status, and seizure control are the main elements of treatment in patients with HIE (Stola & Perlman, 2008) . In recent years, randomised trials of hypothermia (reducing the core temperature by 3.5 °C for 72 h) have convincingly shown a neuroprotective effect (Edwards et al., 2010) and increase intact survival after birth asphyxia (Hagmann et al., 2011) . Cooling is recommended after severe birth asphyxia by both the UK NICE (http://www.nice.org.uk/) and the International Consensus of Cardiopulmonary Resuscitation (ILCOR) guidelines (2010) (Perlman et al., 2010) . Over the last two decades, promising new neuroprotective strategies designed to limit the extent of brain injury caused by hypoxia-ischemia have been under investigation (Robertson & Edwards, 1998; Thoresen & Whitelaw, 2000; van Bel et al., 1998) . Many of these promising treatment strategies, including hypothermia and the administration of antagonist against excitatory amino acids or free radicals, have a limited window of effectiveness (in some cases as little as 6 hours), making early detection of injury critically important Thoresen & Whitelaw, 2000; van Bel et al., 1998) . Neuroimaging with ultrasonography (US), computed tomography (CT), and magnetic resonance imaging (MRI) have become increasingly valuable in the pre-treatment work-up of patients with HIE as they can provide information on the severity and extent of injury (Huang & Castillo, 2008) .
US is a simple radiological method easily applicable in critically ill children (Ilves et al., 2009a (Ilves et al., , 2009b . Cranial US is a useful tool to early detect developmental abnormalities and exclude other causes of encephalopathy than hypoxia-ischemia (Epelman et al., 2010; Lowe & Bailey, 2011a , 2009b . Doppler US is a non-invasive method, which allows repeated and safe assessment of hemodynamics in neonatal units (Ilves et al., 2008 (Ilves et al., , 2009a (Ilves et al., , 2009b . Several studies have demonstrated that the pulsed Doppler technique can be used to examine the pattern of blood flow velocity (BFV) in the major vessels of the brain (Ehehalt et al., 2005) as well as visceral organs (Weir et al., 1995) in neonates with good reproducibility. The BFV findings have clinical relevance in interpreting the cardiovascular adaptation of distressed newborn infants with a decompensation of circulatory responses and the possible development of multiorgan failure including brain damage (Ilves et al., 2009b) .
Cranial US begins with basic grey-scale imaging using the linear-array transducer via the anterior fontanel in the coronal and sagittal planes (Epelman et al., 2010; Lowe & Bailey, 2011a) . Typically, six to eight coronal images are obtained beginning at the frontal lobes just anterior to the frontal horns and extending to the occipital lobes posterior to the lateral ventricle trigons. The transducer is then rotated 90 degrees, and approximately five images are obtained including a midline sagittal view of the corpus callosum and cerebellar vermis in addition to the bilateral parasagittal image beginning in the midline and progressing laterally through the peripheral cortex. The structure and echogenicity of the brain is evaluated to establish normality through the anterior fontanel (Lowe & Bailey 2011a) . The size and the configuration of the frontal horns of the ventricles, the interhaemispheric fissure and the subarachnoidal space, the visualization of the normal structures (including sulci), the existence of haemorrhages and parenchymal echodensities, the presence, location and size of cystic degeneration will be examined (Ilves et al. 2009a; Rutherford et al., 1994) . The ventricular size is measured as the greatest distance perpendicular to the ventricular axis (the greatest axis of the lateral ventricle on the coronal scan), and the maximal interhemispheric distance and the maximal width of the subarachnoideal space on the coronal scan are also measured (Liao et al., 1986) .
To complete the modern head US, screening images via other supplemental fontanels and high-resolution linear images are needed (Lowe & Bailey, 2011a ). An attempt must be made to visualize as much as possible of the central and peripheral structures of the brain using multiple acoustic windows, such as the anterior and the posterior fontanels, as well as views through the temporal, mastoid and occipital areas. The angle of the transducer must be varied in an attempt to evaluate the periphery of the brain with particular attention to the subcortical white matter and the grey-white matter differentiation in as much of the cerebral hemispheres as possible (Epelman et al., 2010) . The visualization of the cerebellar hemispheres is optimised by obtaining images through the right and left mastoid fontanels, the technique of which has been shown to improve the detection of posterior fossa haemorrhages. Finally, the completion of the modern cranial US requires switching from the 64 curved -to a linear -array transducer, which allows high-resolution imaging of the brain with the detailed interrogation of the subarachnoid space and superficial cortex as well as deeper brain structures. Linear images can be adjunctively obtained via any fontanel (Epelman et al., 2010) .
North & Lowe describe some basic cranial US principles, which are helpful in interpretation of the findings, in 2009 (North and Lowe, 2009) . First, the grey matter tends to be hypoechoic and the white matter tends to be hyperechoic. When this pattern is reversed, abnormality is indicated. Second, the normal brain is always symmetric, but symmetric findings are not always normal. This principle can avoid overlooking symmetric abnormalities such as bilateral hyperechoic thalami which can develop after thalamic ischemia or infarct during HIE (Huang & Castillo, 2008; North & Lowe, 2009) . A third principle involves the visualization of all the layers of the normal cortex: the superficial pia mater should be seen as a thin well-defined hyperechoic layer overlying the hypoechoic cortical grey matter, which in turn overlies the hyperechoic white matter (Lowe & Bailey, 2011a; North & Lowe, 2009 ). Failure to distinctly visualize all these normal layers is helpful to identify the areas of abnormality, such as focal haemorrhage or infarct. Fourth, the periventricular white matter is normally homogeneous in echogenicity as is equal to or less echogenic than the adjacent chorioid plexus (Lowe & Bailey, 2011a; North & Lowe, 2009) . Asymmetric or heterogenic increase echogencity of the periventricular white matter suggests an abnormality, as can occur with developing periventricular leucomalacia. The enlargement of liquor spaces and multicystic encephalomalacy can develop as early as after the first week of life in infants with severe HIE (Ilves et al., 2009a) .
Cerebral Doppler ultrasound technique
After viewing cranial structures with the grey-scale US colour Doppler is switched on to screen vascular structures (North & Lowe, 2009 ). Colour, spectral, and power Doppler imaging can be performed in the coronal and transverse plane via the anterior or the temporal fontanels, respectively. Power Doppler is used to screen for regions of hyper-or hypovascularity (Epelman et al., 2010; . Colour Doppler abnormalities include changes in the RI on spectral tracings and abnormalities of flow velocity in the venous sinuses and arteries. The choice which fontanel is used is based on convenience as well as which vessels the operator wishes to visualize. Colour Doppler images via the posterior fontanel or foramen magnum can also be used to screen for patency of the transverse sinuses (Epelman et al., 2010) .
At first, the arterial system is assessed for patency and resistance to flow by obtaining a colour Doppler image of the circle of Willis (Lowe & Bailey, 2011a) . The colour images via the anterior or temporal fontanel are used to localize the middle cerebral artery (MCA), the anterior cerebral artery (ACA), the internal cerebral artery (ICA) or the basilar artery (BA) and to obtain special tracing with velocity curves and the resistance index measurements (Ilves et al., 2008) . After the arterial system, the venous system is evaluated with grey-scale US and Doppler techniques to document the patency of the sagittal sinus and the vein of Galen in the sagittal plane Epelman et al., 2010) .
During colour Doppler studies systolic, diastolic and mean velocities and the resistance index are evaluated using spectral Doppler tracing in the major peripheral vessels: ACA, MCA, ICA and BA. Care must be taken to visualize as much as possible of each of these arteries to accurately determine the insonation angle. The angle between the estimated direction of blood flow and the Doppler beam must be as low as possible to accurately measure the velocity, suggested less than 20 or less degrees, therefore the evaluation of MCA is suggested via the temporal approach and BA, ACA and ICA via the anterior fontanel. Guided by the velocity signal, displayed on an oscilloscope and an audio signal, the highest possible velocities must be used in the range-gated mode. After a stable velocity recording over 20-30 consecutive beats are received, and at least the 3-5 consecutive waveforms with the highest amplitude recorded can be analysed for: (1) the peak systolic flow velocity (Vs); (2) the end diastolic peak flow velocity (Vd) and (3) the time-mean of the maximum velocity envelope curve (TAMV) and the time averaged mean velocity (TAV), i.e. the integral of the mean frequencies over at least 3-5 complete pulses. The resistance index (RI) is calculated according to the formula RI = (Vs−Vd)/Vs.
For the measurement of BFV in cerebral arteries, the ACA is visualised in the sagittal plane through the anterior fontanel, and the signals are recorded from the point midway between the inferior-most border of the corpus callosum and the vessel's origin from the circle of Willis (Evans et al., 1988; Hayashi et al., 1992; Ilves et al., 2008) . The BA is visualized in the sagittal plane just before the pons. The ICA is found in the coronal plane in the base of the skull just below the corner of the sella in the pars petrosa, where the vessel is oriented towards the scanner (Hayashi et al., 1992) . The MCA is easy to visualize through the temporal bone in the region above the zygomatic arch in the fold of the temporal lobe from the straight mid-portion of the artery (Evans et al., 1988; Ilves et al., 2008) .
Visceral Doppler ultrasound technique
The majority of term infants after severe birth asphyxia develop disturbancies in other organs than the brain (Martin-Ancelet al., 1995 , Wayenberg et al., 1998 Shah et al., 2004) . The redistribution of the blood to maintain the perfusion of the brain during asphyxia causes long-lasting changes in the blood flow in visceral organs, first of all in kidneys and intestine ). To evaluate the visceral blood flow changes and possible development of multiorgan failure in HIE patients, the abdominal organs must also be investigated. Kidneys can be scanned from the dorsolateral view, and the size, structure and echogenicity of the kidneys are evaluated to establish normality. The BFV in the renal artery (RA) can be visualized by placing the transducer in the right dorsolateral area of the flank below the costal arch and the sampling volume placed in the proximal portion of the vessel with a simultaneous viewing of the abdominal aorta (Adriani et al., 2001; Agata et al., 1994; Ilves et al., 2008) . . The origin of the coeliac artery (CA) and the superior mesenteric artery (SMA) is localized from the aorta in a longitudinal plane and the sampling volume is placed in the proximal SMA and CA (Agata et al., 1994; Ilves et al., 2008; Weir et al., 1995) .
Neonatal US technique
Neonates can be usually examined without sedation while asleep or in the awake-quiet state with eyes closed and performing no gross body movements, which can disturb the evaluation of the velocity curves. Whenever restlessness occurs, the measurements of the blood flow velocity can be taken only after the infants are properly soothed and quiet. Low cyclical variations in the cerebral BFV, dependent on the sleep state, have been observed in term neonates with significantly greater amplitude during quiet sleep (often used in older ages as non rapid eye movement sleep-NREM sleep) compared to active sleep (REM sleep). However, no difference in the median cerebral BFV was observed in different sleep states (Ferrarri, et al., 1994) . The BFV measurements of visceral organs must be performed at least 60-90 min after feeding as feeding increases the BFV to CA and SMA (Coombs et al., 1992; Martinussen et al., 1994; ) .
The study must be performed as rapidly as possible to minimize adverse influences on the infant; however, experienced investigators usually perform the whole study less than 10-15 min. The duration of the ultrasound exposure of one artery is suggested to be not more than 60 sec and the output intensity not to exceed the suggested safety limit of 100 m W/cm 2 .
The BFV and the RI are influenced by many factors, which must be taken into account during evaluation. The major regulatory mechanism for the cerebral blood flow is autoregulation (Pryds et al, 1990 (Pryds et al, , 1991 , but also PaCO2, the oxygen and blood glucose delivery and the total haemoglobin concentration level (Volpe, 2005) .
The intracranial and visceral hemodynamics change dramatically after birth in healthy infants. A severe increase in the BFV and the decrease in cerebrovascular resistance take place during the first week of life with largest changes occurring within the first 24 hour as a part of neonatal adaptation after birth (Agata et al., 1994; Hayashi et al., 1992; Ilves et al., 2008; Kempley et al., 1996; Martinussen et al., 1994; Yildirim et al., 2005) . Ductal close and progressive increase in the blood pressure may explain the observed increase in BFV and decrease in the RI in healthy infants (Agata et al., 1994; Hayashi et al., 1992; Ilves et al., 2008; Martinussen et al., 1994; Yildirim et al., 2005) . Autoregulation of the cerebral blood flow is operative in a normal full term infant (Ilves et al., 2008) , however a pressure-passive state of the cerebral circulation is observed in seriously asphyxiated full term infants Pryds et al., 1990 , Ilves et al., 2008 The resistance index is also influenced by the flow velocity, the blood volume, the presence of congenital cardiac anomalies and the peripheral vascular resistance. The RI becomes higher if the diastolic flow decreases. If the intracranial pressure exceeds systemic pressure impending diastolic cerebral blood flow, RI increases as it can happen during cerebral swelling (North & Lowe, 2009) . However, it is very important to keep in mind that the RI becomes unreliable in some cardiac anomalies with left to right shunts which can decrease the RI particularly in the case of persistent ductus arteriosus alone or combined with other cardiac anomalies like truncus arteriosus communis, aortopulmonary shunts, aortic valve insufficiency and also in some extra cardiac shunts like cerebral arteriovenous fistula or the arteriovenous malformation of the great vein of Galen (Lipman et al., 1982 , Deeg 1989 . The RI becomes lower in the infants with severe birth asphyxia with severe HIE (Ilves et al., 2009a (Ilves et al., , 2009b , but also in the infants with other causes of increase in diastolic flow as it happens in the infants with cerebral vascular dilatation resulting from acute hypoxia or ischemia of any cause (Lowe & Bailey, 2011a) .
Sensitivity of neonatal US
Modern US equipment with the increased image quality and resolution can effectively depict changes in the brain parenchyma in HIE patients (Epelman et al., 2010; Ilves et al., 2009a) , in contrast to the experience with ultrasound maschines in pediatrics in the early nineties (Barkovich, 1992; Stark & Seibert, 1994) . If compared to MRI, the sensitivity for modern US was 100% (CI: 94.1-100), specificity 33.3% (CI: 7.5-70), positive predictive value (PPV) 91% (CI: 81.5-96.6), negative predictive value (NPV) 100% (CI: 29.2-100) (P≤0.001) and accuracy 95.7% (Epelman et al., 2010) . Because US is operator-dependent, the importance of the aggressive US technique cannot be underestimated in the success of the US findings. The depiction of the lesions by US varies from subtle to diffuse changes in the echogenicity of the brain parenchyma. The subtle changes are often best appreciated during real-time imaging and it is therefore essential for the operator to be fully familiar with subtle changes in echogenicity and the areas where they can be visualized. Such aggressive technical approach showed that US has a high sensitivity and accuracy for documenting parenchymal abnormalities and enabled us to show at least one US abnormality in all 61 neonates with encephalopathy who had an abnormal MRI. There were no false negative US examinations (NPV=100%), which might be interpreted to mean that a negative US should obviate the need for an MRI (Epelman et al., 2010) . However, in many cases MRI revealed more extensive and florid injury, suggesting that encephalopathic neonates indeed benefit from MRI. Although MRI is a gold standard, many of these children are too sick to be transported to the MRI suite or to tolerate the examination and in these cases a thorough US examination is invaluable.
Clinical description of hypoxic-ischemic encephalopathy

The stages of hypoxic-ischaemic encephalopathy
The children born at term with neonatal encephalopathy after birth asphyxia represent a heterogeneous group with respect to etiological factors, clinical symptoms, and outcome (Lindström et al., 2008) . The causes of HIE can be separated into antepartum, intrapartum, and postpartum factors. In most cases, HIE in term neonates is associated with antepartum risk factors alone (including maternal hypotension, infertility treatment, multiple gestation, prenatal infection, and thyroid disease) or antepartum factors in combination with intrapartum. Intrapartum factors alone (including forceps delivery, breech extraction, umbilical cord prolapse, abruptio placenta, tight nuchal cord, and maternal fever) are responsible for a small minority of the cases of HIE and only 10% of the cases of HIE in term neonates are associated with postnatal complications such as severe respiratory distress, sepsis, or shock (Ferriero, 2004) .
Traditionally based on the severity of asphyxia and HIE, the children are described to have a mild, moderate or severe stage of HIE. Clinical signs and symptoms of neonatal HIE can be non-specific at birth and usually evolve over a period of days (Ferriero, 2004) , but data suggest that infants at the highest risk for having suffered severe HIE can be identified with the reasonable reliability based on clinical findings. These findings include the evidence of intrapartum distress (foetal heart rate abnormality), severe foetal academia, severe functional depression (indicated by a low 5-minute Apgar score), the need for resuscitation in the delivery room, an abnormal early neurologic examination, and an abnormal electroencephalogram (Shalak & Perlman, 2004) . In the first hours following a severe insult, neonates may demonstrate depressed consciousness, periodic breathing with apnoea, or bradycardia. Hypotonia may be present, particularly if there has been an injury to the cortical regions, and seizures may occur in the cases of severe asphyxia. Sarnat and Sarnat (1976) introduced an assessment of the severity of asphyxia in term infants on the basis of the clinical symptoms developing during the first days after birth (Sarnat & Sarnat, 1976 (Sarnat & Sarnat, 1976) 
The pathophysiology of HIE
The perinatal brain can be deprived of oxygen supply by two major pathogenetic mechanisms: hypoxemia and ischemia. Hypoxemia and ischemia can occur because of an event either before and/or during delivery, such as a nuchal cord, placenta previa, abruptio placenta, prolapsed or compressed cord, ruptured uterus, and/or obstetric accident. These conditions can lead to a reduced oxygen and/or blood flow to the infant. Not all the cases of the hypoxic-ischemic insult before and/or during labour will result in HIE. On the other hand in severe cases following the termination of the insult, a cascade of deleterious events results in the development of HIE and in cell death.
The principal pathogenetic mechanism, underlying most of the neuropathology, attributed to intrapartum hypoxia-ischemia, is the impaired cerebral blood flow, which is most likely to occur because of the interruption in the placental blood flow and gas exchange; it is often referred to as "asphyxia" or severe foetal acidemia. The latter is defined as a foetal umbilical arterial pH level of below 7.00 (Perlman, 2006) . With prolonged hypoxemia, cardiac hypoxia occurs, leading to the diminished cardiac output and, ultimately, to brain ischemia. Thus, the brain injury resulting from asphyxia is the consequence of ischemia superimposed on hypoxia. In fact, acute hypoxemia without superimposed ischemia is less likely to cause injury, unless the hypoxic state is prolonged (Biagas, 1999; Huang & Castillo, 2008) .
Severe and prolonged hypoxia and ischemia of any organ will result in cell death and tissue damage, the brain is especially sensitive to a decrease in the cellular oxygen supply (Fellman & Raivio, 1997) . The more severe the hypoxia-ischemic insult, the greater the "primary neuronal death" will be during asphyxia (Fellman & Raivio, 1997) .
After resuscitation, which may occur in utero or postnatally in the delivery room, cerebral oxygenation and perfusion is restored (Perlman, 2006) . The restoration of blood flow and oxygen delivery after asphyxia is necessary for organ survival, but is critical, because damage may progress during this "reperfusion period". Therefore, in survivors brain injury is an evolving process that is initiated during the insult and extends long into a recovery period (Fellman & Raivio, 1997; Perlman, 2006) . If the initial energy failure during asphyxia is sufficiently prolonged and severe, the reduction in the cerebral blood flow and oxygen delivery is capable of triggering a cascade of deleterious biochemical events at the cellular level leading to secondary delayed cell death without continuing energy failure (Fellman & Raivio, 1997; Perlman, 2006; Shadid et al., 1998) . However, the process of energy failure recurs from 6 to 48 hours later in a second phase of injury (Perlman, 2006) , characterised by a progressive decrease in high energy phosphate levels, in spite of the normal substrate supply, the normal blood pressure and the acid base status as shown in human infants (Wyatt et al., 1989) and newborn piglets (Lorek et al., 1994) . In the case of the development of the secondary energy failure, survival without permanent brain damage is very unlikely. In a human infant, the severity of the second energy failure is correlated with adverse neurodevelopmental outcomes at 1 and 4 years (Roth et al., 1997) . So the onset of ischemic cell changes during reperfusion is delayed and is called the delayed or "secondary cell death" phenomenon .
is an active process distinguished from necrosis by the presence of cell shrinkage, nuclear pyknosis, and relative preservation of the cellular membrane, genomic fragmentation and death without inflammation (Edwards et al., 1996) .
The goal of the management of the newborn infants who have sustained a hypoxic-ischemic insult is to early identify the infant at the highest risk for evolving injury, facilitate adequate perfusion and nutrients to the brain and to provide specific interventions during the short time period when interventions might be still efficacious in reduction of developing brain damage (Perlman, 2006) .
The pathogenesis of multiorgan failure in perinatal asphyxia
The interruption of the placental blood flow during labour and the decompensation of the circulatory responses lead to systemic hypotension and ischemia in different organs. The key to the protection of the central nervous system during the hypoxic-ischaemic insult is the adaptation of the foetal cardiovascular system, which by increasing the cerebral blood flow maintains cerebral oxygen metabolism (Koehler et al., 1985) . The compensatory cardiovascular response of the foetus to hypoxemia is an increase of the arterial pressure caused by the increased systemic vascular resistance and the initial increase of cardiac output (Koehler et al., 1985) . The redistribution of cardiac output -with an increased flow to the brain, heart, and adrenal glands at the expense of the flow to the kidneys, gut and skin is a major protective mechanism to maintain the perfusion of vital organs during asphyxia and can lead to a visceral organ as well as at last cerebral injury (Koehler et al., 1985; Perlman, 2006; Stola & Perlman, 2008) .
This redistribution of blood can lead to ischemic damage in different organs with multiple organ failure developing in 50-60% of severely asphyxiated infants (Wayenberg, et al., 1998) . Early BFV changes have been documented in critically ill infants following birth asphyxia in the cerebral (Bennhagen et al., 1998; Ilves et al., 2004 Ilves et al., , 2009a Ilves et al., , 2009b , renal or superior mesenteric arteries and the celiac artery (Koc et al., 1998; Luciano et al., 1998) .
The central nervous system is disturbed in 70% of infants after severe birth asphyxia (Martin-Ancel et al., 1995) and the severity of HIE predicts the risk of death and long-term neurodisability (Ilves et al., 2004 (Ilves et al., , 2009a Lindström et al., 2008; Sarnat & Sarnat, 1976) . However, asphyxia is likely to cause disturbances in a number of organ systems other than the brain. Renal involvement occurred in 40-50%, pulmonary involvement in 25%, cardiac involvement in 25-30% and gastrointestinal involvement in 30% of the cases of asphyxiated term infants (Martin-Ancel et al., 1995; Wayenberg et al., 1998) . Others show a high proportion of infants with renal, pulmonary, cardiac and liver dysfunctions both in with a good neurodevelopmental outcome (58-88% of infants) and with an adverse outcome (64-86% of infants) (Shah et al., 2004) .
As the duration and severity of asphyxia may be difficult to estimate and the compensatory capacity of the foetus and newborn is unknown, it is difficult to predict the severity of organ damage immediately after birth. The BFV findings have a clinical relevance in interpreting the cardiovascular adaptation of distressed newborn infants with a decompensation of circulatory responses and the possible development of organ failure (Ilves et al 2009b) .
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Factors influencing US findings in HIE patients
Factors such as brain maturity, the duration and severity of insult, and the type and timing of imaging studies all influence radiological findings in HIE.
The sites in the brain that tend to be most vulnerable to hypoxic injury will be determined largely by the maturity of the brain (Huang & Castillo, 2008) . Severe hypoxia-ischemia in both preterm and term neonates preferentially damages the deep grey matter, with the perirolandic involvement more frequently observed in the term neonates. Less profound insults result in intraventricular haemorrhages and periventricular white matter injury in preterm neonates and parasagittal watershed territory infarcts in term neonates (Huang & Castillo, 2008) .
The duration of insult also seems to be a key determinant of the pattern of injury in HIE, since the insults of short duration usually do not result in brain injury. The episodes of severe hypoxia-ischemia result in a different injury pattern compared with less severe insults (Huang & Castillo, 2008) .
It is well known that global hypoxic-ischemic insults do not affect all brain structures uniformly and certain tissues in the brain are more likely to be injured and are injured earlier than others, a concept known as selective vulnerability. Evidence suggests that the observed patterns of injury reflect the dysfunction of selected excitatory neuronal circuits, which causes a complex cascade of deleterious biochemical events and, ultimately, selective neuronal death (Johnston et al., 2001 ). In infants with HIE the following areas a most susceptible to hypoxic-ischaemic injury: (a) the areas of the brain with the highest concentrations of glutamate or other excitatory amino acid receptors (primarily located in the grey matter) are more susceptible to the excitotoxic injury following the hypoxicischemic insult; (b) the areas of the brain with the greatest energy demands become energy depleted most rapidly during hypoxia-ischemia, and are therefore injured more easily and earlier; and (c) because of delayed cell death from apoptosis the injury may be expressed in full extent days and even months after the initial insult has occurred Huang & Castillo, 2008) .
Selective neuronal necrosis is the most common variety observed in neonatal HIE with necrosis of the neurons in a characteristic widespread distribution. The neurons of the cerebral cortex are the most vulnerable, most often hippocampus. However, the involvement of diencephalon, basal ganglia (neurons of the caudate, putamen and globus pallidus) and the thalamic injury and even brainstem occur. The mechanism of the neuronal injury is related to ischemia rather than hypoxia alone (Volpe JJ 2008) . Regional vascular factors play a certain role because of neuronal injury is more marked in vascular borderzones during ischemia, in the deths of sulci and in parasagittal cerebral cortex (Volpe JJ 2008) .
Less severe insults of partial asphyxia result in a different pattern of injury. The experiments performed in animal models have demonstrated that the episodes of prolonged foetal hypoxia result in shunting of blood to vital brain structures, such as the brainstem, thalami, basal ganglia, hippocampus, and cerebellum, at the expense of less metabolically active structures as the cerebral cortex and the white matter (Ashwal et al., 1980) . Therefore, the brainstem, cerebellum, and the deep grey matter structures are generally spared from injury in mild to moderate hypoxic-ischemic insults, because of autoregulatory mechanisms are able to maintain perfusion to these vital areas of the brain (Barkovich, 2005) ; however, more prolonged insults result in injury to the intervascular watershed zones, which are relatively hypoperfused as a result of this shunting during a pressure passive state of cerebral circulation (Barkovich, 2005) . This injury is visible as a symmetric damage but may be more prominent in one hemisphere than the other. The posterior aspects of the cerebral hemispheres, especially the parietal-occipital regions, are more affected than the anterior (Volpe JJ 2009).
Acute US findings
The US abnormalities in HIE patients can be found in the cortical grey matter, in the areas of the subcortical or periventricular white matter, or in deep grey-matter structures, including basal ganglia, thalami and the brainstem (Eken et al., 1995; Epelman et al., 2010; Ilves et al., 2009a) . US changes in HIE can be classified as peripheral and central.
Peripheral brain abnormalities
include changes in the grey-white matter differentiation (increased, absent or mixed) and changes in the echogenicity of the cortex and subcortical white matter (Figure 2b ). Early US findings include a global increase in cerebral echogenicity and the obliteration of the cerebrospinal fluid (CSF)-containing spaces, suggesting diffuse cerebral oedema (Figure 2a) . However, the small size of liquor spaces alone is not specific for brain oedema and slitlike ventricles can be seen in healthy newborns during the first 3 days of life (Ilves et al., 2009a) . The size of the ventricles, the interhemispheric fissure and the subarachnoideal space is not different between controls and asphyxiated infants with different stages of HIE or with different outcome during the first 3 days after birth (Ilves et al., 2009a ).
An increase of parenhymal echogenicity with partial or total obliteration of normally visible structures is correlated with severity of HIE: Although the phenomenon of increased echogenicity (the so-called "bright brain") is fully developed by the second-third day of life, the moderate to severe increase of parenchymal echogenicity as early as at the age of 12 ± 2 h has a high sensitivity (88%) for death or severe disability and can be an early predictor of permanent brain damage in asphyxiated infants (Ilves et al., 2009a) . By the second-third day of life, the predictive value of the "bright brain" phenomenon can be as high as 90-100% (Babcock & Ball, 1983) . A strong correlation exists between the duration of the increase of parenchymal echogenicities and outcome at the age of 18 months. In infants with moderate HIE echogenicity gradually normalizes; long-lasting increase in parenchymal echogenicity (5-7 days and more) is a predictor of poor outcome (Babcock and Ball, 1983; Ilves et al., 2009a ).
The power Doppler evaluation of the brain parenchyma is also valuable to determine the presence of hyperaemia or hypovascularity (Figure 2c ). In the infants with hyperaemia of the brain parenchyma the prominence of the lenticulostriate vasculature and/or prominent cortical vessels can be observed. However, hyperaemia was a subjective evaluation and was noted as present in 19 of the 53 neonates with encephalopathy (Epelman et al., 2010) . The regions of hypovascularity can be seen in the areas of vascular occlusion or infarction (LoweTherefore, MRI imaging is the modality of choice in term infants who experience partial asphyxial events which is more effective to identify these lesions (Figure 2g ). Diffusionweighted images are the earliest to change, usually within the first 24 h (Barkovich, 2005) . However, with the good technique described earlier, modern equioment and excellent experience in ultrasonongraphy are essential to detect parencymal echogenisities.
Central brain abnormalities
in infants with severe global asphyxia include changes in echogenicity of the deep grey matter (basal ganglia and thalami), brainstem and the periventricular white matter (Epelman et al., 2010) (Figure 2e ). Severe asphyxial events in term neonates result in a primarily central pattern of injury involving the deep grey matter (putamina, ventrolateral thalami, hippocampus, dorsal brainstem, and lateral geniculate nuclei) and occasionally the perirolandic cortex. These areas of the brain are actively myelinating (an energy-intensive process) or contain the highest concentrations of NMDA receptors at term (Barkovich, 1992) and are, therefore, the most susceptible to neonatal HIE. The remainder of the cerebral cortex is generally spared or shows mild insults, since it is generally less metabolically active in the immediate perinatal period; however, with more prolonged insults, the remaining cortex will become involved, a finding that generally corresponds to a worse neurologic outcome (Barkovich, 2005) . The presence of thalamic echogenicity generally suggests a more severe injury and correlates with a poorer outcome (Connolly et al., 1994; Eken et al., 1994) . Hyperechogenicity in the thalamic/basal ganglia region (so-called "bright thalamus") takes time to develop, and a correct US diagnosis will not always be possible during the first 24 h of age unless there is an antenatal onset of the lesion (Eken et al., 1994) . Hypovascularity and/or hyperaemia in basal ganglia can be followed in the infants with severe HIE by the power Doppler. Increased echogenicity in the basal ganglia, thalami, and brainstem is prolonged and is even readily apparent after 7 days after severe birth asphyxia (Babcock & Ball, 1983; Hertzberg et al., 1987) .
Less severe insults of partial asphyxia result in a different pattern of injury. The brainstem, cerebellum, and the deep grey matter structures are generally spared from injury in mild to moderate hypoxic-ischemic insults, since autoregulatory mechanisms are able to maintain perfusion to these areas of the brain (Barkovich, 2005) ; however, more prolonged insults result in the injury to the intervascular boundary (watershed) zones. If the normal pattern of the hypoechoic grey matter and the hyperechoic white matter is reversed, abnormality is indicated (Huang & Castillo, 2008; North & Lowe, 2009 ). Normal layers of cortex: the superficial pia mater should be seen as a thin well-defined hyperechoic layer overlying the hypoechoic cortical grey matter, which in turn overlies the hyperechoic white matter, will be difficult to distinct. Failure to distinctly visualize these normal layers is helpful to identify the areas of abnormality, such as focal haemorrhage or infarct. However, again MRI imaging is more effective to identify these lesions (Barkovich, 2005) . The periventricular white matter hyperechogenicities, uni-or bilateral can be followed as more echogenic than the adjacent chorioid plexus (Lowe & Bailey, 2011a; North & Lowe, 2009 ).
Acute changes in the Doppler sonography
The use of cerebral arterial Doppler US during US evaluation performed in the first few days of life may improve sensitivity and specificity for brain injury, since the presence of diminished resistive indexes in the cerebral arteries has been associated with a poor clinical outcome, even in the absence of other US abnormalities (Stark, et al., 1994) . Changes in BFV and metabolism after hypoxic-ischaemic insult are the potential mechanisms of subsequent damage during reperfusion (Fellman & Raivio, 1997; Rosenberg, 1986) .
Initial cerebral hyperaemia
In animal models, resuscitation after mild to moderate ischemia is accompanied by a period of initial hyperaemia (Rosenberg, 1986) . Evidence exists that the initial hyperaemia is a prerequisite for functional recovery, at least following long periods of ischemia (Kangström et al., 1983) . A severe hypoxic-ischaemic insult is followed by a failure to reperfuse ischaemic regions even after the restoration of the oxygen supply although the blood pressure is within the autoregulatory range. Failure to reperfuse ischaemic regions after the restoration of circulation is called the "no-reflow" phenomenon and is one of the potential mechanisms of extended injury during the period after ischemia. It is possible that not all structures of the brain are affected by the "no-reflow" phenomenon. In some structures, there may be the evidence of "reactive hyperaemia", whereas others may show perfusion defects (Kangström et al., 1983) . Typically, these defects affect striatum, thalamus, and hippocampus, as well as frontal and parietal cortices after complete global ischemia. The duration of ischemia influence the condition of flow restoration in "no-reflow" areas, the longer the period of ischemia, the more structures were affected by the phenomenon in rats (Kangström et al., 1983) .
Delayed cerebral hypoperfusion
Initial cerebral hyperaemia after the hypoxic-ischemic insult is followed by delayed cerebral hypoperfusion. A steady decrease of BFV 12 hours after asphyxia has been described in infants (Ilves et al., 2004; Shadid et al., 1998; van Bel et al., 1998) and in animal models (Kangström et al., 1983) . It has been speculated that the delayed hypoperfusion may add a secondary ischaemic insult to the tissue, especially if the reduction in BFV is not matched to the metabolic rate (Kangström et al., 1983) . The severity of posthypoxic hypoperfusion increases with the increasing duration of a preceding cerebral ischemia (Kangström et al., 1983) . Among infants with severe birth asphyxia, babies with the severest stage of HIE demonstrated the greatest decrease in BFV . We have shown that some asphyxiated infants mostly with moderate HIE have extremely low cerebral BFV velocities (below 3SD) with a high RI during the first day of life which is associated with poor prognosis (Ilves et al., 2004 (Ilves et al., , 2009a (Ilves et al., , 2009b (Figure 2d ). This delayed postasphyxial cerebral hypoperfusion could be related to an excess of vasoconstrictor molecules (Fellman & Raivio, 1997) . Low cerebral blood volume during the first 28 days of life was described in a small group of infants probably with mild to moderate HIE, developing cerebral paralysis later (Fukuda et al., 2008) .
Delayed cerebral hyperperfusion
Several authors have reported high BFV and significantly lowered RI in infants with severe HIE at the age of 24-72 h (Levene et al., 1989; Bennhagen et al., 1998; Ilves et al., a, 2009b (Figure 2f ). BFV has been recorded higher in infants with permanent brain damage during the first days of life (Pryds, 1991; Ilves et al., a, 2009b . Severe increase in cerebral BFV and the decrease in RI take place in asphyxiated infants with severe HIE and a poor prognosis by the second half of the first day, being most severe during the first 3 days (Bennhagen et al., 1998; Ilves et al., 2009a; Meek et al., 1999; Pryds et al., 1990) . The maximum BFV values are registered at the age of 36-71 h (Ilves et al., 2009a) decreasing gradually by the age of 1 week (Figure 1 ). However, in very severe cases with a poor prognosis high BFV is seen already at the age of 12h or ealier suggesting a very short therapeutic window in severely asphyxiated infants (Ilves et al., 2009a ). Animal models have also shown that initial posthypoxic hypoperfusion is followed by delayed vasodilatation, increased BFV and cerebral energy failure 24-72 h after the hypoxic-ischemic insult (Lorek et al., 1994) . In this situation, dissociation exists between the cerebral metabolic rate and the over-abundant BFV relative to the metabolic needs of the brain tissue, the socalled luxury perfusion (Levene et al., 1989) . Markedly high BFV despite isoelelctric EEG activity is found in these infants (Pryds, 1991) . The BFV was higher, but the cross-brain oxygen extraction was lower in asphyxiated infants who died, compared to the neonates who survived with a normal neurologic outcome (Frewen et al., 1991) . Delayed hyperaemia often occurs as a focal phenomenon, but may also be generalised (Levene et al., 1989) . (Archer, et al., 1986) introduced the cerebral vascular resistance index (RI) for predicting clinical outcome from 24 h of age in the infants with moderate or severe HIE (Figure 2f) . In severe HIE patients the RI below 0.55 had a positive predictive value (PPV) for death or disability of 75% and a negative predictive value (NPV) of 100%. Bennhagen and co-workers have found the RI increased in infants with HIE during the first www.intechopen.com Miscellanea on Encephalopathies -A Second Look 76 day of life developing low RI by the second day of life (Bennhagen et al., 1998) . In some infants with poor prognosis, the RI is already significantly lower compared to the control group as early as at the age of 2-11.9 h (Ilves et al., 2009a) . Although the low RI soon after birth had a poor outcome, the high RI was found in most infants who subsequently had a poor outcome (Eken et al., 1995) . RI was independent of the angle between the ultrasound beam and the blood flow in the artery being examined and could be obtained from any intracerebral arter giving a good-quality signal.
The reason for this cerebral hyperaemia and the low RI during the second-third day after asphyxia may be a severe vasoparalysis, a form of irreversible cerebral vascular injury (Levene et al., 1989; Pryds et al., 1990; Meek et al., 1999) . In infants with birth asphyxia hyperperfusion is thought to be a sign of permanent brain damage with a poor neurodevelopemental prognosis (Bennhagen et al., 1998; Ilves et al., 2009a; Meek et al., 1999; Pryds et al., 1990) . The severity of vasoparalysis and cerebral hyperaemia is thought to correlate with the degree of brain injury and presumably the severity of asphyxia insult (Levene et al., 1989; Pryds et al., 1990) . The infants with the poorest neurologic outcome (isoelectric EEG and death) had the highest values for BFV and no cerebrovascular autoregulation or CO2 reactivity; the infants with the burst suppression EEG and moderate to severe brain injury has slightly elevated values of BFV and impaired autoregulation, but a sustained reactivity to Pa CO2 (Pryds et al., 1990) . The infants without an evidence of brain injury had normal values for BFV, intact autoregulation and reactivity to PaCO2 (Pryds et al., 1990) . The mechanism of such luxury cerebral perfusion following ischaemic brain injury is still unclear. The neuronal disruption causing release of vasoactive substances such as adenosine and lactate, or of excitatory amino acids (Pryds, 1991) , irreversible cerebral vascular injury with a complete loss of tone in resistance vessels may play a role in the pathogenesis of delayed hyperaemia (Fellman & Raivio, 1997; Levene et al., 1989; Pryds et al., 1990) .
Severe increase in the cerebral blood flow velocity and the decrease in RI have been described in infants with severe HIE/ poor outcome (Eken et al., 1995; Ilves et al., 2004 Ilves et al., , 2009a Levene et al., 1989; Pryds et al., 1990; Stark et al., 1994) . However, recent studies show that even in the infants with mild /moderate HIE the mean cerebral BFV was higher than in the control group in all the cerebral arteries during the period 36-120 h (Ilves et al., 2009a) . Moderately but statistically significantly increased mean cerebral BFV in the infants with mild-moderate HIE from 36 h lasting as late as 7-10 days after asphyxia can indicate the ongoing subacute process of cell damage in these infants. Although only a small number (2 of 58 infants) with moderate HIE developed severe disability (Ilves et al., 2009a) at the age of 18 months, recent data in the long-term follow-up study of the infants with moderate HIE show a high rate of cognitive dysfunctions in these children (Lindström et al., 2008) .
All the previously published literature on RI and BFV and the prediction of outcome has been obtained on infants at normal temperature. It is possible that hypothermia will affect the cardiovascular system in the ways that might change RI (Elstad et al., 2011; Thoresen & Whitelaw, 2000) . Elstad with cowoorker have described: "Among the cooled infants, the PPV of any RI below 0.55 for poor outcome was only 60%. This is lower than the PPV in any previous studies in infants with HIE treated at normothermia (median value 84%). The initial data show that RI > 0.55 is a good negative predictor, but RI below 0.55 is not as good www.intechopen.com Sonographic Changes in Hypoxic-Ischaemic Encephalopathy 77 positive predictor of poor outcome as reported earlier in normothermic infants. These findings mean that infants, who would have been predicted to have poorer outcome at normothermia, have better outcome treated when cooled. A low RI is significantly less predictive of poor outcome during hypothermia than normothermia. The lower PPV of RI may be because hypothermia affects cerebral vasculature or protects the brain solely at a molecular and cellular level. Infants, who would have been predicted from their RI to have poorer outcome at normothermia, have better outcome when cooled" (Elstad et al., 2011) . RI should never be used for prediction alone; it is only one piece of information to be put into the clinical puzzle. However, as ultrasound Doppler is safe, cheap and readily available, RI measurement is recommended on day 2 (24-48 h after birth) and three (48-72 h) for infants with HIE treated with hypothermia as RI is lowest at 48 h" (Elstad et al., 2011 ).
The animal model using contrast-enhanced ultrasound (CEUS) and MRI shows that both can detect an early temporal evolution of cerebral perfusion in perinatal hypoxia and resuscitation, reversible after 7 hours (de Lange et al., 2011) . Hyperoxic resuscitation caused early decreased cerebral perfusion, not present in the normoxic group. These findings show that the combined use of CEUS can provide important diagnostic information and give new insights into perinatal vascular hypoxia mechanisms (de Lange et al., 2011 ).
a b e f g h i a) Coronar US image shows ill-defined structures including basal ganglia, and slitlike ventricles at the age of 12 h b) Magnified sagittal view using linear transducer shows the accentuation of the grey -white matter differentiation with prominent sulci at the age of 12 h c) Left parasagittal view shows hyperaemia in the region of basal ganglia with power Doppler at the age of 12 h d) Colour Doppler evaluation shows a low cerebral blood flow velocity with normal resistance in the right anterior cerebral artery at the age of 12 h e) Coronar US image shows still ill-defined structures with general increase in echogenicty including basal ganglia, and still slitlike ventricles at the age of 3 days f) Colour Doppler evaluation shows a high cerebral blood flow velocity with low resistance in the left medial cerebral artery at the age of 3 days g) MRI FLAIR image with pathological signal intensity bilaterally in basal ganglia at the age of 8 days h) Coronar US with moderately enlarged side ventricles and ill-defined basal ganglia at the age of 1 month i) CT image with atrophy and increased attenuation in basal ganglia at the age of 3 years Fig. 2 . 12 h old girl born at 39 weeks of gestation with a history of perinatal asphyxia after total abruption placenta and the respective Apgar scores 1-2-3 at the age of 1-5-10 minutes with severe HIE who survived with cerebral paralysis, tetraplegia, seizures and bulbar paralysis 6. Long-term changes in sonography 6.1 Long-term changes in gray-scale sonography
Late findings of US include the resolution of the initial findings and the progressive prominence of the ventricles and the extraaxial CSF containing spaces, likely due to atrophy and the development of multicyctic encephalopathy.
By the age of the 7 days the size of the ventricles, the interhemispheric fissure and the subarachnoideal space were significantly increased in the infants with a severe HIE/poor prognosis compared to the infants with a mild to moderate HIE or the infants with a normal outcome/mild impairments respectively (Ilves et al., 2009a) . By the age of 5 months the progressive enlargement of the size of the ventricles, the interhemispheric fissure and the subarachnoideal space occurred in the infants with a severe HIE/poor prognosis (Ilves et al. 2009a ) (Figure 2h ). The size of the ventricles and the interhemispheric fissure at the age of 21-159 days was significantly correlated with the severity of HIE and the psychomotor development at the age 18 months.
Multicystic encephalopathy developed in 18 of 25 infants with severe HIE, all had a poor outcome: 10 infants died and eight infants were with severe disability at the age of 18 months. Parenchymal cysts mostly in the frontoparietal region were first seen as early as at the age of 7 days in five infants, all died during the first month. In 12 infants with severe HIE cysts could be visualized between the age of 14-21 days and only in 1 of 18 infants the cysts were first seen after the age of 21 days (Ilves et al., 2009a) . Small cysts are no longer visible by the age of 3 months, therefore it seems reasonable to perform US in the infants with a moderate or severe stage of HIE at the age of 1 month in order to detect all the infants with cystic degeneration (Ilves et al., 2009a) .
The intensity of the initial insult may determine the mode of cell death resulting in necrosis in severe injury whereas milder insults result in apoptosis (Bonfoco et al., 1995) . It is likely that the enlargement of the side ventricles and the appearance of the parenchymal cysts visible already by the age of 7 days in the infants who died can be the signs of rapid cell death and probably represent cell necrosis, which accounts for the significant proportion of the cell loss in asphyxiated infants (Bonfoco et al., 1995) .
CT and MRI studies indicate the temporal profile of the signs of the brain swelling during the first week of life being most severe 36-72 hours after asphyxia (Rutherford et al., 1995; Yoxall & Weindling, 1998) (Figure 2h ). The infants with a severe HIE/poor prognosis and the progressive enlargement of the side ventricles and the subarachnoidal space with the development of parenchymal cysts during the first months of life have also suboptimal head growth during the first months of life (Ilves et al., 2009a) . This enlargement of side ventricles progresses during several months (Ilves et al., 2009a) . Decrease in the periventricular white matter has been described earlier in MRI studies in the infants older than 3 weeks (Rutherford et al., 1995) . Serial head circumference investigations also show that the appearance of microcephaly may be delayed for more than 12 months (Cordes et al., 1994) . The findings suggest that cell death can be long-lasting with on-going progressive cell loss days and may be weeks and months after asphyxia. Apoptosis that is aslower process can play a role in the long-lasting brain damage in the infants with severe asphyxia. This can indicate that neuroprotection probably must be lasting more than only first days after asphyxia. Therapeutic hypothermia for moderate to severe HIE's during the first days after asphyxia is currently the only clinically proven treatment for infants with neonatal asphyxia (Hoehn et al., 2008) . The potential strategies to prevent or reduce reperfusion injury in asphyxiated infants probably need to include the interventions that target both processes: cell necrosis during the first days after asphyxia and apoptosis on going probably during the longer period after asphyxia.
Long-term changes in Doppler sonography
In normal infants and the infants with a mild/moderate HIE or good prognosis, steady increase in the mean cerebral BFV and the decrease in RI occurred in all the cerebral arteries during the first months of life (Ilves et al., 2008 (Ilves et al., , 2009a Kojo et al., 1996; Mercuri et al., 2000) , probably reflecting the increasing cerebral blood flow during the first year of life. The infants in the control group and the infants with a mild/moderate HIE or good prognosis also showed steady head growth with no significant differences in the head circumference or the ventricle size between these groups during the first months of life. The steady increase in cerebral BFV in healthy infants appears to reflect the rising metabolic demand of the growing brain during the neonatal period (Kelner et al., 2003) . The increase in blood flow has been shown during the first year of life, the cause of which can be rapid myelination and the explosive increase of the synapses with decrease in nerve cell density (Takahashi et al., 1999) . The increasing demand for metabolic fuels during the first months after birth is found in the studies investigating cerebral glucose consumption using positron emission tomography (PET) and measuring cerebral oxygen consumption with NIRS (Chugani et al., 1986; Kinnala et al., 1996; Yoxall et al., 1998) . This extreme increase in the mean BFV in infants with a severe HIES/poor outcome is temporary and the cerebral BFV gradually decreases after the first week of life (Ilves et al., 2009a) . The findings are consistent with the studies of the cerebral glucose metabolism measured by PET in term infants with hypoxic-ischemic encephalopathy, showing hypermetabolism during the acute period 2-5 days after birth asphyxia (Blennow et al., 1995) and lower metabolism during the subacute period (at the age of 4-24 days) after asphyxia (Thorngren-Jerneck et al., 2001 ).
Such steady increase of the mean BFV is not found in infants with a severe HIE/poor prognosis during the first months after asphyxia (Figure 1 ). After the extremely high cerebral BFV during the first days of life significantly lower mean cerebral BFV develops during the first months after asphyxia in severe HIE infants. At the same age the enlargement of lateral ventricles, multicystic encephalopathy and the suboptimal head circumference develops in infants with a severe HIE / poor neurodevelopmental outcome suggesting decreased brain volume due to a massive loss of the brain tissue in infants with a severe HIE/poor prognosis by this time (Ilves et al., 2009a) .
It is not known whether this decrease in the mean BFV in infants with a severe HIE/poor prognosis is caused only by the low brain volume or whether these infants have lower metabolism or because of both problems. Severe HIE infants had a low head circumference with wide liquor spaces and hence the low brain volume and therefore the required cerebral BFV to fulfil energy requirements for the damaged decreased cerebral parenchyma can be lower. Such decreased brain volume probably no longer needs a normal blood flow. It is also possible that the requirement for energetic fuel is low because of the low metabolism in (Batista et al., 2007) . More longitudinal data about cerebral blood flow and metabolism is needed to understand the causes of long term low cerebral blood flow velocities in infants with a severe HIE/poor prognosis months after birth asphyxia.
US and Doppler findings in visceral organs
Although the central nervous system is disturbed in 70% of infants after severe birth asphyxia (Martin-Ancel et al., 1995) , up to 80-90% of infants develop disturbances in other organs (Martin-Ancel et al., 1995; Shah et al., 2004; Wayenberg et al., 1998) . The interruption of the placental blood flow during labour and the decompensation of the circulatory responses lead to systemic hypotension and ischemia in different organs. Redistribution of the blood during asphyxia is the major protective mechanism in order to maintain the perfusion of vital organs such as the brain, heart and adrenal glands, but it causes ischemic damage to the visceral organs like kidneys and gut (Perlman, 2006; Stola & Perlman, 2008) . Early BFV changes have been documented in critically ill infants following birth asphyxia in the cerebral (Bennhagen et al., 1998; Ilves, et al., 2009b) , renal (RA) (Ilves et al., 2009b; Luciano et al., 1998) , superior mesenteric arteries (SMA) (Ilves et al., 2009b; Koc et al., 1998) or in CA (Ilves et al., 2009b) .
Different patterns of post-injury BFV changes exist in the visceral arteries compared to the cerebral arteries in asphyxiated infants with HIE. The mean BFV in the SMA and CA (but not in the RA) increased in the infants with mild-moderate HIE during the first 12 h after asphyxia (Ilves et al., 2009a (Ilves et al., , 2009b . The reperfusion of ischemic intestine and gastric mucosa is characterised by an initial hyperaemia with ensuing mucosal repair, as shown in animal models (Meleagros et al., 1994) . The increase in BFV, seen in the SMA and CA but not in the RA during the first hours after asphyxia, can be the compensatory hyperaemia in the gastrointestinal tract, stomach and liver in the infants with mildmoderate HIE. Such differences in the compensatory capabilities in the RA, SMA and CA can explain the differences in the frequency of severe organ failure found in asphyxiated infants. Renal failure is found to develop more often in 40-57% of asphyxiated infants compared to a lower rate (30%) of gastrointestinal complications in asphyxiated term infants; liver failure is a rare complication in the infants with severe HIE (Martin-Ancel et al., 1995; Perlman et al., 1989) .
The lack of hyperaemia in the SMA and CA and a decrease in BFV in the RA already during the first hours after asphyxia in severe HIE infants, despite vasoactive treatment and normal BP shows decreased compensatory capabilities in the infants with severe HIE to the restore blood flow in the visceral arteries. Extremely low BFV in all the visceral arteries was found during the first day in infants with a very long resuscitation period and the fatal outcome. These infants had normal blood pressure but a very high BFV in the cerebral arteries and a very low BFV in the visceral arteries already during the first day of life with the development of severe HIE, severe renal, gastrointestinal and hepatic failure as well as cardiac failure. Animal models have indicated that reperfusion is the main mechanism of injury after intestinal or renal ischemia; however, the post-ischemic reperfusion injury is related primarily to the magnitude and time of the total ischemia (Rangan & Bulkley, 1993) .
In infants with severe HIE or poor outcome, a progressive decrease in the mean BFV was found in the RA and SMA, being the lowest during the second day of life (Akinbi et al., 1994; Ilves et al., 2009b; Luciano et al., 1998) . A decrease in the renal blood flow during the first day of life carries a high risk of the development of acute renal failure (Akinbi et al., 1994; (Ilves et al., 2009b; Luciano et al., 1998) . A number of animal studies have provided evidence that oxygen metabolites, different vasoconstrictive molecules and intravascular clotting may play a role in the microcirculation derangement in the delayed progressive postischemic reperfusion injury (Fellman & Raivio, 1997; Perlman, 2006) . In normal infants, vasodilation secondary to the copious production of endothelium-derived nitric oxide (NO) is favoured, but endothelial cell injury could shift this balance in favour of endothelin (ET)-1-mediated vasoconstriction and would limit NO production, leading to intestinal ischemia and the tissue injury as from humans with NEC (Nankervis et al., 2008) . A hypoxic/ischemic insult with the resulting activation of the coagulation cascade also plays a role in renal hypoperfusion (Andreoli, 2004) .
During the first day of life, pressure-passive BFV in the RA and SMA but not in the CA has been described earlier in healthy infants in the presence of open ductus arteriosus (Ilves et al., 2008) . This may reflect the relatively good autoregulation of the blood flow in the CA in healthy and asphyxiated newborn infants with vasoactive treatment having a good effect; however, extra factors can redistribute the blood flow, sparing the blood flow to the CA and decreasing the blood to the SMA and RA.
Our findings indicate that differences exist in postasphyxic changes in BFV in the cerebral and visceral organs in different severities of HIE. Increased BFV develops in the SMA and CA in the infants with mild to moderate HIE early postinjury. A severe increase in BFV in the cerebral arteries, but a decrease in the renal and superior mesenteric arteries develops by the second day of life in a severe HIE infant, indicating that a therapeutic window exists for visceral damage. As in healthy infants, a relatively spared blood flow in the CA is found in asphyxiated newborn infants. No data exists how the BFV in visceral organs change during postasphyxial hypothermia.
Outcome
Outcomes of babies with HIE vary according to the severity of the injury. The children with mild HIE can be expected to recover and the children with the severe form either develop severe disability or die. Between 15% and 20% of infants suffering HIE die during the neonatal period, and an additional 25% develop permanent neurologic deficits (Vannucci & Perlman, 1997) . The infants who survive a severe hypoxic insult with severe HIE typically go on to develop quadriparesis, choreoathetosis, severe seizure disorders, or mental retardation. The patients with moderate injuries invariably can develop spastic diplegia or quadriplegia (often falling under the umbrella term cerebral palsy) (Barkovich, 2005) .
The children with moderate encephalopathy have a less certain prognosis (Ilves et al., 2009a) , however the majority of infants with moderate HIE have major and/or cognitive disability in a long-term follow-up if followed during adolescence (Lindström et al., 2008) 
Conclusions
Sonography is an excellent tool in screening of asphyxiated infants with HIE and evaluating the prognosis of asphyxiated infants. Advances in the US equipment now permit the visualization of structures not previously shown. Despite some limitations, the US technique effectively depicts parenchymal abnormalities of the neonatal brain, showing good correlation with MRI findings. The parenchymal abnormalities depicted on US are not as florid or clearly visualized as on MRI and US might not depict as many focal lesions as MRI, especially those placed cortically. Therefore, US might severely underestimate the degree of injury, and the findings might indeed represent the tip of the iceberg. Despite this, US is a more effective modality in this group of patients than it has been suggested in the literature and remains an excellent screening modality for use in neonates too critically ill to be transported to MRI. MRI should ideally evaluate every infant with neonatal encephalopathy as early as possible, as the window required to demonstrate injury in DWI is small. However, high-quality US is very sensitive in detecting injuries and is often the only study available during the initial evaluation of these critcally ill patients or in those under hypothermic treatment. US provides an option for the interval follow-up assessment of these infants, even if the follow-up MRI is planned (Epelman et al., 2010) . Differences exist in the blood flow velocity in the brain and in visceral organs in the infants with a different severity of HIE with a high cerebral blood flow and a low RI developing in the infants with a poor prognosis. In the infants with HIE treated with therapeutic hypothermia, the low resistance index is probably not as good a predictor of a poor outcome as in normothermia and further studies are needed in this area.
